
RESEARCH MEMORANDUM 

AN ANALYSIS OF A PTSTON-TYPE GAS -GENERATOR ENGINE 
By Max J. Tauschek and Arnold E. Biermann 


Flight Propulsion Research Laboratory 
Cleveland, Ohio 



CUUSUKUSD DOCUUEBT 

T W« doCUUlA tiiOi i II ■H'f i 

■ffteUac Q* HMUoori Dc£bm oC Ui> CdUd 
BtitM wIUiIa Om- mMiilac <iC Uw Afit, 

PBC mf tt, Bv tcuBxilBflflK. or the 

malaUoft oC Bs iK Hf' umMr to n 

mutborlMd paraoa lo vroktbEtod br l»r> 

Batoraitlop. ao clinrlflod oar bt Inputad 
oolx to poraons In tbo ndlttarx and aanl 
aa i rtc an oC tha Uoltad Binbaa; anmpxlala 
daman officofa and airailrynaa oC tba Fadaral 
Ooa araiE aBt «ba bnva a l-ffniwi*! Utaraat 
tbantn, to TTnUjid stdaa eltliaoBaC V i m t h 
loyaltj and dlacraUsn «fio d aacaadtr lauat te 
Isiomad tbsxwd. 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 

February 18, 1948 

M A ^ ^ T.IBRARY 

^ J langtey KekL Va 



MCA BM No. E7I10 


HATIOKftL ADVIBCRy CC»<MITTEB FOR AERONAUTICS 
RESEARCE MEMaBANDOM 

AN ANALIBIS OF A PIBTON-TXra GAS-QEHHIATOR ENGINE 
By Max J. TauscheE end Arnold S. Biermann 


SUMMARY 

An analysle vss made of a canpound engine oonslBliing of a 
Odapreasor, a tvo-stroke ocmpreBBion- ignition engine that furnished 
the power for the ocmpreBBor, and a turhine that was clriven hy the 
gases from tbe engine and produced the net usefiil work of the cycle. 
This form of power plant is called a gas-generator engine. 

The analysis indicates that an engine of this type he 

capable of operating with a brake specific fuel consumption of 
0.32 pound per horsepower-hour aisi should have an Installed spe- 
cific weight comparable to that of a typical turbine-propeller 
engine. This performance should be obtained with limiting values 
of cylinder pressure and turbine- inlet temperature that are 
compatible wl'^ reliable engine operation. 


IN3S0INJCTI0N 

The high gas temperatures necessary for the attalimient of low 
specific fuel consunqptlon in conventional heat-power cycles can at 
present be achieved only by the use of seme form of the reolprocating- 
1^e internal- oaabvist ion engine. Likewise, in order to obted^ low 
specific engine weight, expansion of the gases to low pressures 
must be accomplished by the use of a gas turbine. These facts make 
the combination of a reciprocating engine and a gas turbiiie a 
* desirable arrangement. 

In the usual form of such a compound engine (references 1 to 5), 
the greatest portion of the work of the cycle Is usually performed 
by ttie reciprocating engine.. The hl^ specific weight of the 
reciprocating engine and the relatively low specific weight of the 
gas-turbizie component makes it advantageous, however, for the gas 
turbine to perform as much of the work of the cycle as is consistent 
with 1die attairment of high over-all efficiency. By this division 
of work, the reciprocating-engine component performs only the work 
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aocotapllBliod during that portion of the cycle that Inrolvos hi gh 
pressxires and hi^ temperatures; conseq,uontly, this ccmpoaent 
then be made relatively Htna-i i emd llfi^t. 

An analysis of an engine having a division of vork such that 
the powef of the reciprocating engine is Just sicPfioient to drive 
the compressor is reported heroin. Under these ooniltionfl, the 
txnrbine fi^nishes the entire net output of the complete engine. 

This combination of a. reciprocating- type internal-combustion engine 
that drives its own superoharglxig ccsopressor and generates gas for 
fxxrther expansion through a turbine will be called a piston-type 
gsts generator in this report. The combination of a piston- type geus 
generator and a gas turbine will be called a gas-generator engine. 

A diagrammatic sketch of such a power plant is shown in figure 1. 
Because the primary purpose of the reciprocating element in this 
engine is to produce hot gases for the turbine, this component will 
be designated a piston-type burner. 


SELECTION OF CYCLE 

The ccmventlonal compound engine consists of a compressor, a 
piston engine, and a turbine, all geared to a single shaft (refer- 
ences 1 to 5) . Such an engine usually operates with a fuel mixture 
at cur near the stoichiometric mixture and is limited in its perform- 
ance by (a) a marlmum allowable peak cylinder pressure, and (b) a 
maximum edlowable turbine-inlet temperature. In order to establish 
relations that will fom the basis for modifications to the cycle 
of the conventional compound engine and thus obtain a lower 
specific power-plant wel^t, the effect of operation at a leaner 
mixture ratio will first be considered. This change will permit 
higher manifold ^essures, with resultant higher air flows, for 
a given limiting marlmum cylinder pressure. The net result of 
the two changes is that the increased air flow and the reduced 
mixture ratio so counteract one another that the power output of 
the piston-engine component remains approximately constant. At 
the same time, the higher air flow results in a larger turbine 
output and compressor input; as a result, the output of the entire 
exjglne increases by the amount of the difference between the increase 
in compressor input and the increase in turbine output. 

It is generally recognized that the turbine and the aircraft 
compressor are characteristically ll^t devices for high power 
ratings and tiiat in the compoimd engine the weight of the plston- 
ex^lne component is the predominating factor in fixing the specific 
weight of the power plant. Because the increase In power resulting 
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from, reducing the mixture ratio In the compound engine Is obtained 
vlthout anjr change In the velght of the piston-engine component^ 
the net result should he a reduction In the specific vel^t of the 
power plant. 

Altering the division of work between the piston-engine and 
turbine ccmponents causes the characteristics of the cycle to 
approach more closely those of the Brayton cycle; therefore ^ reducing 
the mixture ratio will lead to hl^er specific fuel consumptions. 

Because of the manner In which the specific wel^t and the 
specific fuel consumption vary, the proper division of work between 
the piston engine and the turbine depends upon the service for which 
the aircraft Is Intended and must be arrived at frem an aircraft- 
range aneOysls. Inasmuch as such data suitable for selecting the 
proper division of work are lacking, any decision regarding the 
division of work can only be arbitrary. For the purposes of this 
report, the division of work selected was that at which the piston- 
engine cesnponent dellvOTS Just enou^ power to operate the compres- 
sor and the net \iseful work of the cycle Is derived from the turbine. 
Analysis has shown that this division of work will permit sizeable 
reductions In specific weight over that of the conventloneQ. compound 
engine and at the same time will retain the low fuel consumption 
obtainable with this engine. In addition, the separation of the 
compressor and turbine drives allows more flexibility In the con- 
struction and operation of such an engine. 


MEXEOBS OF ANALYSIS 

Combustion In gas generator. - The analysis shows that the 
inlet-gas pressures ai^ temperatures and the fuel-air ratios used 
with the piston-type burner are such that compression Ignition with 
fuel Injection Is the most practical combustion process for this 
cycle. With such a process, the maxlman burner pressure attedned 
depends primarily upon the rapidity of combustion and some definite 
rate of combustion- pressure rise must be assumed. For present 
purposes, the rate of burning vas assvmed to be eq.ua! to that 
producing the maximum rate of presbure rise occurring in a spark- 
Ignltlon engine. This burning rate req.ulres the vtae of efficiencies 
that are compatible with the Otto cycle and are somewhat higher 
than those encountered In the conventional Diesel cycle at a given 
expansion ratio. It should be pointed out, however, that consider- 
able combustion pressure Is developed when the burning rate 
approaches constant-volume combustion. It can be shown that in 
a pressure-limited engine, the efficiency of the Otto cycle Is less 
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tlian that of tho Diesel ojrole because of the higher ccmpression and 
expansion ratios permitted by the Diesel cycle. The choice of the 
high burning rate used In this analysis therefore leads to conserva- 
tlve results. Ccmpression ignition permits the use of the tvo-stroke 
cycle vlth a oonseq.uent reduction In specific weight. Furthermore^ 
the analysis Indicates that the fuel-air ratios are sufficiently 
lean for the simple piston-ported loop- scavenged 'cylinder to perform 
satisfactorily, although this scavenging process is Inferior to that 
of the unlflow cylinder. 

POTformemce data. - The symbols and eq.\iatlons used In obtaining 
the performance data for the gas-generator engine are given In 
appendixes A and B, respectively. No convenient expression relating 
the bttmer- Inlet pressure, the burner-expansion ratio, and the mix- 
ture ratio to the limits of burner-exhaust temperature and of peah 
burner pressure could be obtained. Because of this limitation. It 
veu9 necessary to set up a series of curves for each operating condi- 
tion of the gas generator and to use a graphical solution to locate 
the desired operating point. 

In order to have tho gas generator operate with the performance 
given by this analysis at more than one coxidltlon. It is necessary 
that the conqpressor and the turbine operate over a range of mass-flow 
rates emd pressure ratios without appreciable changes In efficiency. 
Althou£^ several means by which this condition may be approached 
are avedlable, the magnitude of the problem does not permit their 
discussion here. For this reason, the efficiency of the compressor 
euid the turbine was assumed to remain constant over a range of pres- 
sure ratios and mass flows and a variable-area turbine nozzle was 
assumed. 

The primary variables used In the analysis and the ranges 
through which these variables were investigated are given In the 
following table: 


Variable 1 

1 Basic 
value 

Bange 

Investigated 

Peak burner pressure, Ib/sq in. 

1600 

1200 - 1600 

Turbine- inlet temperature, ?R 

2260 

1960 - 2260 

Altitude, ft 

20,000 

Sea-level - 50,000 

Burner- scavenge ratio 

1.0 

0.7 - 1.3 

Compressor efficiency 

0.85 

0.7 - 1.0 

Burner thermal efficiency 

^Standard 

0.60 - 1.05 X standard 


Standard burner thermal efficiency Is that defined by eq.ua- 
tlons (7) and (8) of appendix B. 
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The heislc yalues of the variables are -Uie values that vere maintained 
constant vhen the effect of one of 'Uie varlahles vas helng investi- 
gated. Because the effect of turbine efficiency vas obvious, it vas 
not included as a variable. Consideration of Jet thrust also vas 
emitted in order to avoid an additional variable. 

The basic values of tile limits in the preceding table (peah 
burner pressure and turbine-inlet temperature) vere chosen, after 
an examination of a vide variety of data talcen from both piston- type 
and turbine-type engines, to be compatible vlth reliable exiglne 
operation at the present time. Bi this connection it should be 
pointed out that the turbine- inlet temperature selected, 2260^ R, 
is somevhat below the measured peak gets temperatures in current 
turbine-type engines. Tmnperature gradients in the gas stream in 
these engines cause vide differences to exist betveen the peak and 
the mean gas temperatures. Because of the manner in vhioh the hot 
gases are produced in the gas generator, tenjperature gradients 
should not be a problem in operation of this engine and operation 
should be satisfactory at tiie chosen temperature. 

Wei^t data. - The estimated vel^t of the gas-generator engine 
vas obtained by soallxig component parts of various current recipro- 
cating, turbine-propeller, and turbojet engines to match the condi- 
tions of the gas-generator engine, and by taking their assmabled 
weight as that of one possible configuration of the gas-generator 
engine. A resum^ of the specif Ic-velght calculations is given in 
appendix C. 


B2SDLTS ABD D3BCT]58I0F 

The results of the analysis of the gas-generator engine 
described herein are presented in plots showing the effect of 
cempreesor-pressure ratio, altitude, engine operating limits, 
scavenge ratio, and component efficiency on the basic performance 
of the gas-generator engine. An analysis and breakdown of the 
specific weight of the engine is also presented. 


Performance of Geui-Generator Engine 

Basic performance data. - The performance of the gas-generator 
engine for three values of the burner-expansion ratio is shown in 
figure 2. Superimposed on this plot are lines of constant peak 
burner pressure eq.ua! to 1600 pounds per square inch and lines of 
constant turbine-inlet temperature equal to 2260*^ B; the intersection 
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of these two ourvee locates the optimum operating point frcm a 
power- output standpoint for the chosen engine operating conditions 
and limits. At any other point, the engine may be limited either 
by peak burner pressure or by tta*bine- inlet temperature and losses 
in engine efficiency and, or, power output result. The operating 
range of the engine is shown by the shaded area on the curves. 

At the optimum operating point, the brake specific fuel con- 
sumption is about 0.32 pound per horsepower-hoxir. This low value 
of fuel consumption is obtained lo'inoipally by the use of the high 
expansion ratio of the gases (from the mean ccmbustion pressure to 
ambient-air pressure). The specific output (net work output of gas- 
generator power plant) is 0.052 Etu per cycle per cubic inch of 
cylinder volume or, for a mean piston speed of 2600 feet per minute, 
a stroke of 6 inches, and a compression ratio of 4.2, the output 
is 4.18 brake horsepower per cubic inch of piston displacement. 

The high power output is attributed to the large air capacity of 
the gas-generator engine in cootparison to that of the conventional 
reciprocating engine. This power output is obtained despite the 
fact that the brake specific air consumption is approximately twice 
that of the reciprocating engine. At the optimum point, the mixture 
ratio of the engine is about 0.032 pound of fuel per pound of air. 

Effect of altitude. - The performance of the gas-generator 
engine is shown in figure 3 as a function of altitude. As the 
altitude of operation Is increased, simultaneous adjxistments must 
be made in manifold pressure and burner-expansion ratio In order 
to maintain the prescribed limits of peak burner pressure and turbine- 
inlet temperature. At the same time, however, the brake specific 
air consumption decreases because the cycle efficiency and the 
burner-mixture ratio increase. The net result of these variations 
is that the power output of the gas -generator engine is substantially 
constant up to an altitude of about 30,000 feet; above this altitude, 
the power output decreases. The power drops about 30 percent when 
the altitude is increased frcm 30,000 to 50,000 feet. This varia- 
tion in power output is partly caused by the manner in which the 
ambient temperature varies with altitude. 

The low fuel consumptions shown in figure 3 are a direct 
result of the high cycle efficiencies attainable by a ccmplete- 
expansion engine. Because the gas-generator engine is pressmre- 
limited, the expansion ratio increeusee with altitude and thus the 
fuel consumption decreases. The brake specif lo fuel consumption 
is 0.32 pound per horsepower-hour at 20,000 feet and decreases 
24 percent in an ascent from sea level to 50,000 feet. 
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Elgure 3 also BhovB tliat an effeotlye oliange In expansion ratio 
Is necessary for operation at tlie selected, limits at different altl- 
tud.es. This chenge Is necessary In ox^er to preserve the halanoe 
between the peah burner pressure and. the turbine- Inlet temperature. 
Such a change can be effectively brou^t about merely by varying 
the time of fuel Injection. The resultant changes In the pressure- 
volme relation are shown by the typical burner indicator card.s 
presented. In figure 4. 

Effect of engine operating limits. - The effect of varying the 
peak burner pressure and. the turblne-lnlet temperature on the per- 
formance of the gas-gexierator engine Is shown In figure 5. 

Reducing the turblne-lnlet temperature from 2260° to 1960° R 
at constant peak burner pressure reduces the power output about 
20 percent. A small decrease in the specific fuel consumption Is 
also noted; this decrease Is a result of operating the engine at a 
higher mean combustion pressure, in order to obtedn the limiting 
cylinder pressure at reduced turblne-lnlet temperatiire ^ the mani- 
fold pressure must be reduced and the burner-expansion ratio raised. 
The net result Is that the specific alr-flov rate (air-flow rate 
throu^ piston- type burner, lb/ ( cycle )(cu In.) burner volume) is 
reduced and the brake specific air consumption Is raised, whereas 
the over-all expansion ratio Is little changed. The selection of 
a limiting t\zrblne-lnlet temperature therefore has a primary effect 
on the specific wel^t of the engine. 

Reducing the peak bum^ pressure at constant turblne-lnlet 
temperature requires that both the manifold pressure and the burner- 
expansion ratio be lowered. The net effects of these changes are 
that brake specific air consumption Is changed only a small amomt, 
but the air-flow rate and therefore the power output are again 
appreciably reduced. Lowering the peak burner pressure results In 
reduced over-all expansion ratios and consequently in higher fuel 
consumptions; therefore, the selection of a limiting peak burner 
pressure Is of importanoe In detezmlning both the specific wel^t 
and the specific fuel consxmiptlon of the engine. 

Effect of change In scavenge ratio. - Exhaust-gas dilution 
(at low values of scavenge ratio) aisd low combustion efficiency 
(at high veilues of scavenge ratio) distinctly limit the range of 
scavenge ratio over which the gas generator can operate. This 
limitation Is a natural result of the gas-generator mode of opera- 
tion. The work of the biimer, which is equal to the work of the 
centre ssor, must Increeiee in proportion to the quantity of air 
handled. The burner, however. Is limited in the quantity of air 
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It oan aoccmmodate; therefore, when the scavenge ratio Is Increased, 
the mixture ratio In the bizmer must be enriched In order to preserve 
the balance between ccanpressor and burner powers. 

Figure 6 shows the effect of ohazige In scavenge ratio on the 
performance of the gas-generator engine. As the scavenge ratio 
Increases, the power output undergoes a large Increase, which may 
provide a convenient means of controlling power otitput of this engine. 
This change in power Is almost directly proportional to the quantity 
of air flowing through the engine, because the changes in the brake 
specific air consimtptlon are small; as a result, power output la 
approximately propcurtlonal to the product of manifold density and 
soavei3ge ratio. 

The rise In the fuel-consumption curve Is caused by the changes 
in the burner pressure drop and In burner mixture ratio. 

Calcinations Indicate that with a scavenge ratio of 1.3, the 
burner mixture ratio is In excess of 0.06. At a scavenge ratio 
of 0.7, the burner mixture ratio Is much leaner but approximately 
35 percent of the charge consists of exhaust gases frcm the 
previous cycle. 

Effect of change In component efficiency, - In the gas- 
generator engine the effect of change In turbine efficiency Is 
clearly apparent. Because the turbine delivers all the net brake 
output of the engine, the brake specific fuel consumption of the 
engine Is inversely proportional and the specific output of the 
engine Is directly proportional 'So turbine efficiency. 

The effect of cheuages in ccanpressor efficiency Is lUus'brated 
in figure 7. This figure Indicates -that such changes result In 
large changes In the specific output, but affect -the brake specific 
fuel consumption only slightly. The magnitude of the loss resulting 
from reductions In compressor efficiency at any operating condition 
Is dependent to a large extent on -the brake specific air consump- 
tion of the engine. At conditions under which the brake specific 
air consumption Is low for the basic ccaiipressor efficiency, the 
effect of change in compressor efficiency becoanes small. 

The effect of changes in thermal efficiency of the piston- 
type burner is difficult to treat analytically because of the 
Intimate relations existing between thexmal efficiency, peak 
burner pressure, and ra'be of pressure rise during combustion. If 
It Is assumed 'bhat part of the fuel burns at approximately constant 
volume at the beginning of ~bhe expansion process and the rest burns 
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at the end of the expans lon^ the gas-generator-englne performance 
vill varj as shown In figure 8. In this plot^ the ratio of actual 
"burner efficiency to "burriBr efficiency as defined "by equation (8) 
of appendix B Is used as the abscissa. This condition of reduced 
burner efficiency would correspond to the use of orer-rloh mixture 
ratios In the burner , where some of the scavenging air Is req.ulred 
to complete ccaobustlon. 

Figure 8 shows that Improvements In burner efficiency Improve 
the specific output, A change In the burner efficiency must be 
ccmpensated for by adjvuatlng the burner-expansion ratio; however, 
Increasing the expansion ratio re<j.ulres the use of lower manifold 
pressures with a conseq.uent reduction In air-flow rates and In 
specific output. 

It should be pointed out that If the bxrmer efficiency Is 
altered by a change frcm constant-volume to constant-pressure 
combustion, the over-all performance of the gas-generator engine 
will be improved, in asmuch as both higher manifold pressures and 
higher expansion ratios can be used. 


Specific "VTel^t of Gas-Generator Engine 

The Installed specific weight of the gas-generator engine was 
estimated to be 1.41 pounds per horsepower at 20,000-foot altitude. 
(See appendix C.) The operating conditions upon which tnls value 
Is based are the basic conditions 'used throughout this report. 

A comparison of the specific wel^t of the gas-generator engine 
with three other current propeller engines is as follows: 


Engine 

Type 

Specific 

weight 

(Ib/^p) 

(a) 

A 

Lig.uid-cooled reciprocating 

1.98 

B 

Air-cooled compound 

2.39 

C 

Axial- flow turbine propeller 

1.36 

Gas gen- 

Axial-flow compressor,’ llq.uld- 


erator 

oooled burner 

1.41 


®"A11 specific weights based on installed weig^it 
without propeller and on Tnaxlminn continuous power 
at 20,0(X)-foot altltiiie. 
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The v£Llue of speoiflo vel^t for the turTalne -propeller engine 
In the preceding table may appear scanevhat higher than anticipated^ 
but the values are nevertheless comparable because the component 
parts of this tvcrblne-propeller engine were xised In maJcing up the 
gas-generator engine. The t\xrblne-propeller engine has a second 
adveuit^e In that the power rating Is based upon turbine- Inlet 
temperatures 100° F hl^er than those used for the gas-generator 
engine and also Includes the effective shaft horsepower resulting 
from Jet thrust. 

The low specific weight of the gas generator is due to two 
factors: high specific air-flow rates and low specific air oon- 

sunq^tlon. The specific weight of the reciprocating engine is high 
because of Its low air-flow rate; whereas that of the turbine- 
propeller engine Is higher than would be expected on this basis 
because of the Inherently poor specific air consumption of this 
engine. 


CONCLXBIONS 

An analysis has been made of a gas-generator compound engine^ 
in which the piston-engine element supplies only enough worlc to 
drive the compressor. This particular division of wort between 
the turbine and piston-engine elements was selected in an attempt 
to retain the desirable fuel-consun^tion characteristics of the 
ccmpound engine and at the same time to achieve a low specific 
power-plant weight. 

The analysis shows that the gas-generator engine can attain a 
low specific fuel consianptlon because of the high peak burner 
temperatures permitted by the piston-type burner and because of the 
complete expansion of the working fluid In the burner end the tur- 
bine. This type of power plant has an Inherently low specific 
weight because of the high air-flow rate through the burner, which 
Is obtained by reducing the work output of the piston-type burner 
in relation to that of the turbine. 

On the basis of the analysis presented, it may be concluded 
that the gas-generator engine is seemingly capable of operating at 
moderate altitude with a brake specific fuel consumption of the 
order of 0.32 pound per horsepower-hotir; the specific weight with 
limiting valties of cylinder pressure and gas temperatiu?e compatible 
with reliable ei^ine operation is comparable with that of the 
t\u*bine-propeller engine. 

Flight Propulsion Research Laboratory, 

National Advisory Ccomlttee for Aeronautics, 

Cleveland, Ohio. 
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APPENDIX A 
SYMBOLS 

The following s^bols are used In this report: 

o_ _ specific heat at constant pressure of ccaapressor air, 
0.24 Btu/(lh)(9R) 

c^ - specific heat at constant pressure of turhlne gases. 

0.27 Btu/(lh)(9R) 

e hase of natural logarithms 

H_ enthalpy of air entering ccaapressor (taken as zero), 

® Btu/lb 

Eg enthalpy of gases entering turbine, Btu/lb 

h^ lover heat of ccmbustlon of fuel, 18,500 Bbtv^lb fuel 
E constant 

Pg^ ambient-air pressure, Ib/sq. In. absolute 
Pq burner- caapression pressure, Ib/sq in. absolute 
Pe buCTier-dlscharge pressure, Ib/sq, in. absolute 

p^ b\irner- inlet i^essure, Ib/sq. In. absolute 
heat loss frcm burner, Btu/lb fuel 
R_ expansion ratio of fluid in burner 
Ejjj^ over-all mlztiure ratio, lb fuel/lb air 
-jj mixture ratio in burner, lb fuel/lb air 

Ep pressure ratio of compressor 

Eg scavenging ratio (ratio of volume of air flowing through 
burner per cycle measured at burner- inlet conditions 
to volume of b\imer} 
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ambient temperature, 9s 
Tq burner compreeelon. temperature, 

Tg mean turbine -inlet ten^ieratwe, 

Tjji burner- inlet ten^erature, 9 b 

Tj. temperature of residual geises in burner after blovdovn, 9 b 

Tg temperature in burner at end of scaTenglng, ?R 
Wq vork of ooopressor, Btu/lb air 

vork of turbine, Btu/lb air 
7 . ratio of specific heats of turbine geises 
11 Q adiabatic ccmpressor efficiency 

Tl'jj burner thermal efficiency (actual) 
burner thermal efficiency (ideal) 

Tip reduction-gear efficiency, 0.95 

Hg scavenging efficiency (ratio of volume of air remaining in 
burner at end of scavenging process measured at inlet 
conditions to volume of burner) 

11^ adiabatic turbine efficiency beised on static downstream 
pressure, 0.85 


♦38 
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ANALYSIS OF QAS-OEIQSAIOR F^FOEMOCE 

The following eg[uatlons were used to estimate the performance 
of the gas-generator engine: 

Ccmpressor calculations. - The performance of the ccmpressor 
on the hasls of work done per pound of air Jiandled can he calcu- 
lated hy simply eissuming a value for the adiabatic efficiency. 
ThuSj 


lia “ ^ (^a^ 


( 1 ) 


Tjh. 



^Ep^O-283 


- 1 


+ Ta 


( 2 ) 


^0 ~ °P,a- 

Scavenging efficiency and scavenging ratio. - Data presented 
In reference 6 Indicate that the scavenging ratio for a piston- 
ported^ looped- scavenged cylinder can he represented quite eiccurately 
In the range under discussion hy considering the engine ports as an 
equivalent orifice and using the orifice equation 


^ “ Vq/Vo) 

In this equation, the constant K includes the area and the dis- 
charge coefficient of •tdis equivalent orifice and a conversion 
factor to make the imlts consistent. Evaluating the constant K 
frcm the data of reference 3 for a mean piston speed of 1800 feet 
per minute and for the definition of scavenging ratio given results 
In the equation 


Eg = 0.0910 ^{2. - Pe/Fm) (4) 

This equation is for port arrangement D (fig. 23, reference 6) 
with an inlet-opening time of 58® B.B.C. and an exhaust-opening time 
of 74® B.B.C. For a high-speed engine, the port areeus can he so 
enlarged that the gas velocities throu^ the ports are unchanged. 
Eqimttlon (4) will then apply also for piston speeds In excess of 
1800 feet per minute. 
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Several types of soavengisg xtrocess can occur In the piston- 
ported engine. In the case being considered^ scavenging is 
assumed to occur through perfect miring^ where each element of 
inccming air mixes completely with the gases in the cylinder and 
an eq.ui valent voltane of the mixture then flows out of the cylinder. 
OSiis aiSsuBiption is based on the data in reference, 7 . For this 
process, reference 8 gives the equation 

n. - (l - (5) 

For this process, the teoiperature at the end of the scavenging 
process is given by the equation (reference 5) 



The solution of this eq,uation req.uires a knowledge of the tempera- 
ture of the gases remaining in the cylinder at the end of the blow- 
down process. Beferenoe 5 indicates, however, that at moderately 
high soavei]ging ratios the effect of change in this temperature on 
the final scavenging temperatvire is smeJ.1; therefore, the tempera- 
ture of the cylinder gases was assumed constant at 200° B. 

Burner efficiency. - If the efficiency in the ideal constant- 
volume cycle is calculated with due regard for factors such as 
variations in the specific heats smd chemical dissociation, then 
the calculated efficiency will closely agree with the efficiency 
of an actual engine. The agreement can be further Improved by 
introducing enqpirical corrections for heat lose, combustion time, 
and other modifying factors. 

In reference 9, such a cycle is treated and an empirical epila- 
tion is developed for the efficiency of the IdeeO. cycle as a func- 
tion of the expansion ratio and the fuel-air ratio. This equation 
has been adopted as the basis of the work presented herein: 
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where 


n = 0.3867 


6.5 
6.65 _ 

®m.,b 


35 


0.043 


B. 


( 7 ) 


These efficiency equations were selected to he con^atible with the 
assumed burning rate in the piston- type burner. 


The following corrections were considered in order to make the 
calculated efficiencies more ccmpatlble with actual values; these 
losses were approximated from data presented in references 8 and 10: 


Factor 


Eeduotion in 
themnal efficiency 


Heat transfer .5.0 

Ccmbustion time and variation .5 

Mechanical friction 2.0 


Thus, the burner efficiency can be fotind fron the equation 


= 0.925 - (8) 

where n is calculated as in equation (7). 

In applying this ved.ue of efficiency to the perfomianoe of 
the gas generator, it is necessary to satisfy the condition that 

^b ®m ^c 


Because a simple relation between and Ejjj^ does not exist, it 

beocmes necessary to use a trial-and-error method of solution. The 
procedure for this case was as follows: 

The burner efficiency was first approximated by the use of the 
equation 




0.925 



( 10 ) 
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(The luse of a prime oa the symbols Indicates an approximation. ) 
Using this value, the over-all fuel-air ratio vas estimated by use 
of the relation 


- ' "V Ui) 

’ll' “o 

This value of over-all mixture ratio vas modified to represent 
approximately the mixture ratio existing In the burner cylinder 
as follovs: 


®m,b' 


’Is 


( 12 ) 


Using this value of Em b S burner-efficiency calculations 

vere repeated and the corrected mlxtiire ratios vere found from 
eqLuations (9) and (12). One such approximation vas usually 
sufficient. 

Maximum burner pressure. - The calculation of the maximum 
burner pressure is necessarily complicated because the application 
of ideal -cycle relations for other than oons'tant -pressure cycles 
indicates ‘values of pressure that are much hl^er than those actually 
present. 3n this analysis, the calculated values of peeJc burner 
pressure vere so modified by a factor determined fraai refeTOnoe 11 
as to make them more nearly representative of the actual values. 

For the present purposes. It was assumed that the ratio betveen 
the Ideal ma-ritmim burner pressure and the burner compression pres- 
sure vas a function of the compression temperature and the mixture 
ratio In the burner. Actually, the compression pressure vouid also 
have a rnna-ii effect on this g.uantlty, but the errors resulting from 
neglecting this effect, particularly at lean mixtures, are vlthln 
the accuracy of this report. Curves of the Ideeil oambustion pres- 
sure ratio as a function of mixture ratio vith campresslon tmnpera- 
ture as a parameter vere prepared and used In the analysis; the 
elope of the ovnrves at the zero intercept can be found by the use 
of an air standard cycle, vhereas the rlch-mlxture points can be 
evaluated by using the methods of reference 12. 

Reference 11 shows that, in a spark- Ignition engine at the 
fuel-edr ratio at vhlch the rate of pressure rise is nearly a maxi- 
mum, the actual peak cylinder pressure Is only 0.70 of the Ideal 
value. Such a factor may be used to calculate the actual peak 
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l>virner pressure; however^ It obviously must be dependent upon the 
mixture ratio and must reach a limiting value of unity when the 
mixture ratio Is zero. Determining the value of this factor at 
leaner mixtures from spark- Ignition- engine data vould be incorrect 
because of flame-speed effects. The factor C vas therefore 
expressed as a linear function of the mixture ratio by means of 
the eq.uation 

C = -3.75 + 1.0 (13) 

The procedure for calculating the maTlimnn burner pressure vas 
as follows: The compression pressure and temperature vere calculated 

by means of the eq.uations 


Pc = Pe (Re)^*^® (1^) 

^c = ^s (Re)°*^® • (15) 

With these values^ the Ideal maximum burner pressure vas fotuid 
using the ccmbvistlon-pressure-ratio curves. The actual pressure 
vas then evaluated by multiplying the Ideal pressure by the cor- 
rection factor from egiiatlon (13). 

Turbine-Inlet temperature. - If the gas generator (ccmpressor 
and burner) is Isolated and treated as a steady-flov machine, the 
mean turbine- inlet temperature can be fovmd by means of a simple 
heat beilance 


Sa + (Rc Rm) - * =g (1 + Rm> 

In order to evaluate this eq.uatlon, it Is first necessary to fix 
the heat loss Qj* heat loss vas taken as being equal to 

18 percent of the heat input (reference 10). Then, if the enthalpy 
of the entering air Is taken as zero, because the enthalpy of the 
entering air and that of the burner gases is practically the same 
at temperature Ta, the quantity Hg can be expressed In terms of 
the txjrblne-inlet temperature. Thus, 

(l — 0.18) h© Hm = Op^g (^g “ ^a) Rm) 


or 


"S 


(1 - 0.18) he + Cp^g Ta (1 + IV) 

c fl + R ) ^ 


(16) 
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The specific heat Cp g is the mean specific heat hetveen the 
turhine- inlet and tur'^ine-outlet temperatures. The value of this 
quantity was estimated frcm the data in reference 13 and was 
considered to be constant at 0.27 for this work. 

Turbine calculationa. - The turbine work per pound of air can 
be fouhd from the conventional equation 



r 

Wt “ lit °p,g ^g ®m) 



(17) 


Data from reference 13 was used to establish 0^. ~ s 0.27 and 
r =. 1.34. 

Unit perfcamance calculations. - It is desirable to express 
the output of the gas-generator power plant In terms that do not 
require reference to a specific burner size or speed. Such a tezm 
for the output is Btu per cycle per cubic inch of burner volume. 

In order to modify the turbine work to put it on this basis and 
also to consider the reduction-gear efficiency, the following 
equaticai weus used: 


Brake output 


T|r Eg 144 Pm 
1728 53.3 0^ 


(18) 


The brake thermal efficiency of the unit oea beet be expressed in 
tezme of the brake specific fuel consumption 
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ANALYSIS OF SPECIFIC WEIGST OF OAS-OEimtATQR ENGINE 

The particular gas-geiierator engine selected for this analysis 
has a rating of 3000 brake horsepower at an altitude of 20,000 feet. 
The limitations assisned to apply for continuous engine operation 
were a peak hurner pressure of 1600 pounds per square Inch, a 
turbine- l3xlet temperature of 2260^ F, and a mean piston speed of 
2600 feet per minute. 

Inspection of the per f ormanoe data show that In the range of 
altlttide from sea level to 20,000 feet the power output of the gas- 
generator engine Is practically constant. Inasmuch as the compres- 
sor and the turbine pressure ratios increase with altitude. It Is 
apparent that the conditions which will detemine the weight of the 
engine that will operate over this altitude range will be those at 

20.000 feet. Some consideration, however, should be given to 
Increasing the power output for take-off purposes, which cem. most 
readily be acccopllshed by increasing the scaveiige ratio (fig. 6) 
or the turblns-lnlet temperature (fig. 5). Either method should 
require a larger ccmpressor, turbine, and reduction gear. It Is 
anticipated, however, that for short-period operation overloading 
of the reduction gear and relatively inefficient operation of the 
ccmpressor and the turbine can be tolerated; as a result, the 
critical condition in determining the specific weight of the gas- 
generator engine Is maximum continuous power at 20,000 feet. 

The specific weight of the engine can be estimated by treating 
each ccmponent separately and then suomilng the component specific 
weights. 

Ccmpressor. - The performance data In figure 2 show that the 
selected gas-generator engine will require an air-flow rate of 

8.0 poimds per second at a ocmpressor-pressure ratio of 21 In 
order to deliver the required power. The nearest approach to such 
a compressor Is that of an existing turbine-propeller engine; a 
500-pounl, 14-stage, axial- flow compressor handles 11.7 pounds of 
air per second at a compressor-pressure ratio of about 7. Analysis 
shows that 22 stages would be needed to reach a ccmpressor-pressure 
ratio of 21. In order to scale this compressor to the size needed 
to accommodate the gas-generator engine, it was assumed that the 
weight of the caiipressor required would be directly proportional 

to the weight of air handled and to the number of stages. ^ 
addition. It was assumed tliat the ccmpressor would be built In 
two parts In order to operate satlsf eiotorlly at the required 
pressure ratio, and that this oonstruotlcai would Incur an addl- 
tlcHiel. 30-peroent Increase In wei^t. The specific wel^t of 
the gas-generator oompressor would therefore be 
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Piston- type burner. - Bzamlnation of the data in figure 2 shows 
that the piston-type burner must have a oyllnder volume of 1060 cubic 
Inches < for the required power output. The only two-stroke-cycle 
engine of this approximate size Is the Junkers Jumo 207 engine 
(reference 14). This engine is of the two-stroke-cycle opposed- 
piston type, operates at a peak cylinder pressure of about 
1600 pounds per square Inch, has a cylinder volume of 1096 cubic 
Inches, and wel£^s 1470 pounds, complete with all accessories. In 
considering the weight of this device for tise in the gas-generator 
engine, 100 pounds were deducted from this wei^t figure inasmuch 
as the supercharger and the reduction gear are not needed. The 
specific weight of the piston- type burner therefore becemes 

^ = 0.457 Ib/bhp 


Turbine . - In order to determine a reasonable weight for the 
turbine of the gas-generator engine, the tvirblnes frem several Jet 
engines were weighed; the resulting data are shown in figure 9 as 
a function of gas-flow rate. For a mean gas-flow rate of 
420 cubic feet -per second, it appears, from figure 9, that the 
turbine would vei^ 105 pounds. These data, however, are for 
pressure ratios requiring single-stage turbines, and a four- 
stage turbine would be required for the gas -generator engine. 
Becaiise the wel^t of the turbine is roughly proportional to 
the number of stages, the specific wel^t of the gas -generator 
turbine is 


105 X 4 
3000 


0.140 Ib/bhp 


Reduction gear. - The only current turbine-propeller engine 
for which data are available has a reduction gear designed to 
reduce shaft speed from that of the turbine to that of the propeller 
and to handle a maximum of 2800 horsepower. This gear, including 
accessory drives, weighs 435 poimds. In adapting this gear to the 
gas-generator engine, it was euasiaoed that 35 pounds could be elim- 
inated by removing the acoessary'^d'V'e gears (because these drives 
have already been provided on the piston- type burner) and that for 
a change from 2800 to 3000 horsepower the weight would be directly 
ia:*opo3rblonal to the horsepower. Thus, the specific weight of the 
reduction gear beocmes 
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400 

2800 


0.143 llj/l5liP 


CcmpreBsor-cLrlTe gear. - Analysis of tlie performance data shows 
that approximately 1940 horsepower is req.uired to drive the ccmpres- 
sor. No data are avallahle for a gear having the req,uired speed 
ratio for this application. Because the speed ratio here is about 
one-half of that required for the propeller-reduction gear^ however, 
a single-stage reduction gear should he sufficient eind the specific 
weight of the required gear can be estimated by assuming that it 
weighs, on a specific beusls, 70 percent as much as the propeller 
reduction gear. In addition, the vel^t Is assumed to be 
increased by 30 percent because the gear must have two output 
shafts. The specific wel^t of the compressor-drive geay for 
the gas -generator engine therefore becomes 

0.143 X 11^ X 0.70 X 1.3 » 0.084 Ib/bhp 

Heat exchangers. - The wel^t of iho radiator and oil cooler 
was calculated by etssumlng that 16 percent of the heat of the fuel 
Is rejected to the coolant and 2 percent to the oil. These figures 
result In heat-rejeotlon rates of 5880 Btu per minute to the oil 
wrid 47,000 Btu per minute to the coolant. Data In reference 15 
indicate that the oil cooler will reject approximately 2500 Btu per 
minute per square foot of frontal area per 100° F Initial tempera- 
ture difference, and that the corresponding heat- transfer rate for 
the radiator would be 6000 Btu per minute per square foot per 100° -F 
these figures are for coolers 12 inches deep. For a fluid tempera- 
ture of 250° F and BACA standard air at 20,000 feet altitude, the 
necessary oil-cooler volume is therefore 5.6 ciiblo feet and that 
of the radlatCT* 10.8 cubic feet. Vet weights for these heat 
exchangers were found to be 48 pounds per cubic foot for oil 
coolers and 54 pounds per cubic foot for radiators. On this basis, 
the specific wei£^t of the oil cooler for the gas-generator engine 
becomes 


5.6 X 48 
3000 


0.090 Ib/bhp 


and that of the radiator 

10.8 X 54 


3000 


0.194 Ib/bhp 



22 


MACJA BM No. E7I10 


Mlsoe11”^"«*ouB . - Under this heading la Included 'bhe vel^t of 
coolant and oil In the gas-generator engine itself, reinforcing of 
the manifolding to vlthstand the high pressures, and other items 
not heretofore considered. This veight vas estimated at 200 pouiids, 
or 


- 222 . B 0.067 Ib/hhp 
3000 ' 

Si«wnHi*y. - H3ie installed specific weight of the gas generator 
in pounds per hraJse horsepoyer-hour is the sum of the preceding 
items and is summarized as follows: 


CcmpresBor • 0.233 

Fist on- type burner ^57 

Turbine 3.40 

Reduction gear 143 

Ccmpressor-drlye gear 084 

Radiator 1^^ 

Oil cooler 090 

Miscellaneous •067 

Installed specific weight 1.408 
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Figure 3. - Effect of change In attitude on calculated performance of 
gas-generator engine. Peak burner pressure, 1600 pounds per square 
inch; turbine- inlet temperature, 2260° R; compressor efficiency, 0.85; 
scavenge ratio, t.OO. 




VolTome 


Figure 4. - Representative pressure-vol ume indicator card for combustion 

process in gas-generator engine. 









So&venge ratio, 

Figure 6. - Effect of change in scavenge ratio on calculated performance 
of gas-generator engine. Altitude, 20,000 feet; peak burner pressure, 
1600 pounds per square inch; turbine- I niet temperature, 2260® R; com- 
pressor efficiency, 0.85. 





32 


NACA RM No. E7II0 



Figure 8. - Effect of change In burner thermal efficiency on calculated 
performance of gas«generator engine. Attitude, 20,000 feet; peak 
burner pressure, 1600 pounds per square inch; turbine-inlet tempera- 
ture, 2260° R; scavenge ratio, 1.00; compressor efficiency, 0.85. 






